In order to comprehensively grasp the effect of lithium slag on the properties of concrete and promote the application of lithium slag in concrete, the effect of lithium slag on drying shrinkage of concrete with manufactured-sand was studied by testing drying shrinkage of concrete with manufactured-sand at different ages. The corresponding effect mechanism was also analyzed by water retention of the corresponding mortar and the pore structure of concrete which was obtained by evaporable water test. The results indicate that 15% and 30% lithium slag decrease effectively the drying shrinkage of concrete with manufactured-sand, and with the increase of the content of lithium slag, the decrease effect is better. When the content of lithium slag is increased to be 45%, the drying shrinkage of the concrete is increased. The smaller pores correspond to the higher water retention to decrease the drying shrinkage of manufactured-sand concrete with the appropriate content of lithium slag.
INTRODUCTION
L ITHIUM slag is a by-product of an industrial waste residue in the production process of the lithium carbonate by sulfuric acid method when the spodumene ore is calcined at high temperature of 1200°C. The main process of the formation is shown in Figure 1 [1] . The appearance of lithium slag is earthy yellow. it has a large inner surface area and high porosity. its chemical composition is mainly amorphous silica and alumina, and it has certain volcanic activity. Spodumene reserves in China are the largest in the world, and they are mainly located in Xinjiang autonomous region and Sichuan province. according to incomplete statistics, about 9 t lithium slag was discharged when 1t lithium was gotten in the production process of the lithium carbonate by sulfuric acid method [2] . now, about 8 × 10 5 t lithium slag is discharged every year. Such large lithium slag not only consumes the vast resources, but also occupies a large amount of arable land. at the same time, it has already caused serious environmental pollution. Therefore the current urgent problems that need to be solved are to find a high-efficiency method to recycle lithium slag.
Based on the certain chemical activity and easy grind of lithium slag, it can be used in the cement-based materials to achieve its high-efficiency recycling purpose. Some special research on these questions is promoted by the scholars at home and abroad. experimental studies of Fufei Wu et al. [3] showed that mechanical and crack resistance of concrete was better when the lithium slag content varied from 20% to 30%. And the maximum lithium slag content should be no more than 45%. Laibao Liu [4] studied the effect of lithium slag on the creep of C50 concrete. The results showed that the lithium slag reduced efficiently the creep of concrete at different ages, and had no negative effect on mechanical properties of concrete at early ages, and increased the long-term strengths. experimental research by lanfang Zhang [1] showed that lithium slag could prepare high-strength pump concrete whose compressive strength at 28 d was more than 100 MPa and which had the excellent anti-freezing and thawing performance. Yongjun Qin et al. [5] discussed the effect of the water-cement ratio and lithium slag content on the workability and the strength of concrete according to the extremum difference analysis and efficacy coefficient methods. On this basis, the C30 recycled concrete mixed with lithium slag for urumqi region was proposed. Jiang Yu [6] also found that the appropriate amount of recycled coarse aggregate and lithium slag could effectively increase the 28 d compressive strength. haijiao Dong [7] studied the effect of lithium slag on the chloride penetration of concrete under the loading conditions. The results showed that the addition of lithium slag into concrete reduced significantly the chloride penetration, and the relationship between the electric flux and lithium slag content was nearly suitable to the quadratic function relation. From the above, some researches have already been reported about the effect of lithium slag on concrete performance, and however, some technical defects also existed in the process of the research and engineering application. They are mainly scattered, lacking of systematization, and especially few researches about the effect of lithium slag on the performance of concrete with manufactured-sand. With the decreasing of natural river sand resources, more and more attention is focused on the research and application of the concrete with manufactured-sand. The main differences of technical specifications of the two kinds of fine aggregates: the manufactured-sand and natural river sand, are that the manufactured-sand contains a certain amount of powder which can result in the greater cracking sensitivity. The drying shrinkage of concrete is one of the most important technical specifications to measure its cracking sensitivity.
Based on the above analysis, the effect of the lithium slag content on the drying shrinkage of concrete with manufactured-sand is systematically studied in this paper. the research of the effect on drying shrinkage of concrete manufactured-sand with different content of lithium slag is systematically performed in this paper. The pore structure of concrete and the corresponding water retention of mortar are also tested to reveal the corresponding effect mechanism. The results of this study are helpful to grasp comprehensively the effect mechanism of lithium slag on drying shrinkage of concrete with manufactured-sand. it can promote a highefficiency method to recycle lithium slag, and provide a direct corresponding technical support and guidance for the application of lithium slag.
eXpeRIMeNTAL

Raw Materials
The specific surface areas of cement (P·O42.5 according to Chinese national Standard gB 175-2007 Common Portland Cement) and lithium slag were 360 m 2 /kg and 440 m 2 /kg, respectively. The chemical compositions of cement and lithium slag are shown in Table 1. The fineness modulus of manufactured-sand was 2.4 in this experiment whose stone powder content was 8%. Crushed limestone with a size range from 5 mm to 25 mm was used, whose apparent density was 2635 kg/ m 3 . in addition, the polycarboxylic superplasticizer admixture with water reducing ratio 25% and local fresh clean tap water were used in the experiments.
the Concrete Mix Proportions
The research object in this experiment was the manufactured-sand concrete with lithium slag. The water-binder ratio, sand ratio and unit water consumption were kept as constants. The equivalent replacement of cement with lithium slag was carried out and the replacing ratio was 15%, 30%, 45%, respectively. Simultaneously, the manufactured-sand concrete without lithium slag was viewed as the control mix.. The workability of concrete was achieved by adjusting the amount of water reducer to meet the pumping construction requirements. The mix proportions of concrete are shown in Table 2 .
Test Method
The drying shrinkage of manufactured-sand concrete with lithium slag was tested by a dial gauge. The test temperature was kept at 20 ± 2°C and the relative humidity 60% ± 5%. The concrete specimens were brought out from the standard curing room at 3d, and then they were immediately measured their initial lengths and deformations at the corresponding ages. other testing steps were referred according to Chinese national Standard gB/T50082-2009 Standard for Test Method of Long-Term Properties and Durability on Ordinary Concrete [8] . Drying shrinkage of manufactured-sand concrete with lithium slag was characterized by the drying shrinkage ratio. The drying shrinkage ratio computation formula is as follows:
Where ε t is the drying shrinkage of concrete at the age of t; L 0 is the initial measured length of concrete; L t is the measured length of concrete at the age of t; L b is the gauge length of concrete.
To reveal the effect mechanism of lithium slag on the drying shrinkage of concrete with manufacturedsand, the pore structure of concrete and the corresponding water retention of mortar were tested respectively at 360 d, respectively. Total porosity of concrete was obtained according to the water loss of fully saturated specimens which were dried (about 24 h) to the constant weight at 105°C, and the porosity of air and coarse capillary pores of concrete was obtained according to the water loss of fully saturated specimens under the condition of about 90% relative humidity, and then the porosity of fine capillary pores could be obtained by the difference between the total porosity and porosity of air and coarse capillary pores [9, 10] . The corresponding mortar specimens removing coarse aggregate were synchronously prepared, and the dimension of the specimen was 40 mm × 40 mm × 160 mm. Water retention of mortar was tested according to the published literatures [11, 12] . The schematic diagram of water retention of mortar was shown in Figure 2 , and the velocity of water evaporation in the test was limited in the range of 2.0~3.4 g/h.
ReSULTS AND DISCUSSIONS
Drying Shrinkage
The drying shrinkage of manufactured-sand concrete with lithium slag is tested at different ages. effect of lithium slag on drying shrinkage of concrete with manufactured-sand can be obtained, whose results are shown in Figure 3 .
as illustrated in Figure 3 , the drying shrinkage of manufactured-sand concrete with lithium slag develops quickly. At 90 d, it has already reached the 90% of the stable value at 360 d, and becomes stable. Compared to the stable drying shrinkage of the con- [12] .
(1)
trol specimen without lithium slag at 360 d, 15% and 30% lithium slag can decrease by the drying shrinkage about 10.8% and 27.5%, respectively. However, 45% lithium slag increases by the drying shrinkage about 6.9%. Therefore, the content of lithium slag within 30% can effectively decrease the drying shrinkage of manufactured-sand concrete, and the more the content (≤ 30%), the more amplitude the decrease. The drying shrinkage is increased when the content of lithium slag exceeds 30%.
Pore Structure
it is generally believed that the capillary tension in cement-based materials can be caused by the water evaporation which is the main power source of drying shrinkage. The pore structure of concrete determines the amount of free water, dehydration rate and capillary tension. Therefore, the pore structure becomes one of the most important parameters affecting drying shrinkage of concrete. in order to reveal the effect mechanism of lithium slag on drying shrinkage of concrete with manufactured-sand, the pore structure at 360 d is tested by the method of evaporable water test. The results are shown in Figure 4 .
as illustrated in Figure 4 , compared to the pore structure of control specimen without lithium slag at 360 d, 15% and 30% lithium slag can decrease the total porosity, porosity of air and coarse capillary pores, and porosity of fine capillary pores of the manufacturedsand concrete, respectively. The more the content (≤ 30%), the more amplitude the decrease. Porosities are increased when the content of lithium slag is more than 30%. Thus it can be seen the content of lithium slag within 30% is able to refine the pore structure of concrete, and with the increase of the content of lithium slag (≤ 30%), the refining effect is better. While the content is more than 30%, lithium slag degrades the pore structure. The pore size refinement of concrete has both positive and negative effect on the drying shrinkage. On the one hand, the pore size refinement increases the migration difficulty of water evaporation, and thereby the drying shrinkage can be decreased and slowed down. in addition, the deformation resistance of concrete is increased too, which is helpful to decrease the drying shrinkage. on the other hand, the capillary tension of concrete because of the water evaporation is increased with the pore size refinement of concrete, which leads to the increase of drying shrinkage. The development and change of drying shrinkage of concrete depend mainly on the proportions of the positive and negative effect of the pore size refinement [13] [14] [15] [16] . Combined the results shown in Figure 3 with the results shown in Figure 4 , the positive effect of pore size refinement on the drying shrinkage is greater than the negative effect. Thus it can be seen that with the refinement of pore size, the drying shrinkage of concrete becomes smaller.
Water Retention
Water retention is one of the direct parameters characterizing internal moisture migration of cementbased materials, which has a direct relationship with drying shrinkage of concrete [17, 18] . Thus, in order to grasp comprehensively effect mechanism of lithium slag on the drying shrinkage of manufacturedsand concrete, water retention of corresponding mor- tar at 360 d is tested simultaneously whose results are shown in Figure 5 .
as illustrated in Figure 5 , the water loss of manufactured-sand mortar with 15% and 30% lithium slag is decreased at 360 d. With the increase of the replacing ratio of cement (≤ 30%), the decreasing amplitude of the water loss is greater. however, the water loss is increased at 360d when the replacing ratio of cement reaches 45%. There is a direct relationship between the water loss and internal pore structure. Combined with the test results on the pore structure of the corresponding manufactured-sand concrete in Figure 4 , the refinement of pore size hinders the circulation of internal moisture migration in the cement-based material and decreases the water loss, which leads to the higher water retention. generally speaking, the higher water retention corresponds to the less content of water evaporation and smaller capillary tension, which causes the lower drying shrinkage. Thus, the appropriate content of lithium slag can refine the pore structure of manufactured-sand concrete and increase the water retention, which decreases the drying shrinkage. however, the excess lithium slag coarsens the pore structure and decreases the water retention, which increases the drying shrinkage.
CONCLUSIONS
1. The drying shrinkage of manufactured-sand concrete with lithium slag develops quickly. at 90 d, it has already reached about 90% of the stable value at 360d and become stable. it can decrease the drying shrinkage of manufactured-sand concrete when the replacing ratio of cement with lithium slag is no more than 30%. The more the replacing ratio of cement is, the more amplitude the decrease of drying shrinkage is. however, the drying shrinkage is increased when the replacing ratio of cement with lithium slag reaches 45%. 2. The appropriate content of lithium slag can refine the pore structure of manufactured-sand concrete, and improve the corresponding water retention of mortar. The smaller pore corresponds to the higher water retention, which leads to the decrease of drying shrinkage of manufactured-sand concrete with the appropriate content of lithium slag.
ACKNOWLEDGMENtS
The authors would like to acknowledge the national natural Science Foundation of China (grant no. 41427802 and 51602198) and the Shaoxing university Scientific Research Project (Grant No. 20145030) for their financial support to the work present in this paper.
ReFeReNCeS
